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Abstract J. WANG 
ABSTRACT 
The distributed feedback (DFB) waveguide laser is a compact tunable laser 
source that does not require a resonator cavity. Zirconia (ZrOi) is a very useful optical 
material because of the wide optical transparency, the high mechanical strength and 
resistance to chemical reaction. In this thesis, the characteristics of dye-doped zirconia 
and zirconia-organically modified silicate (ORMOSIL) D F B waveguide lasers were 
investigated. 
Zirconia and zirconia-ORMOSIL waveguides of refractive index from 1.56 to 
1.64 and thickness from 0.6 to 1.4 |jxq were prepared by the sol-gel method. Narrow 
linewidth (<0.5 nm) lasing was observed in dye-doped zirconia and 
zirconia-ORMOSIL waveguides. Tuning of the output wavelength was achieved by 
varying the period of the gain modulation generated by the crossing beams of a 
nanosecond Nd:YAG laser at 532 nm. Tuning ranges were from 586 to 618 n m and 
from 629 to 657 n m for R6G and RB, respectively. The DFB waveguide laser output 
was a TE guiding mode. The threshold pump energy was about 50 |LJ for R6G-doped 
zirconia film on glass substrates. 
Multi-wavelength DFB waveguide lasers were demonstrated in R6G-doped 
zirconia multi-mode waveguides. As many as four separate output wavelengths were 
observed for a planar zirconia waveguide of 1.56 refractive index and 2.2 jim 
thickness on fused quartz substrate (n=1.46). The laser output wavelengths 
corresponded to the propagation modes allowed in the waveguide. Using linear S 
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polarized Nd:YAG laser at 532 n m as pump source, all four wavelengths lasing 
emission appeared simultaneously and had the same polarization as the pump beam. 
Continuous tuning of the output TE modes from 584 n m to 611 n m was achieved. The 
threshold pump energy was about 30 |aJ. Dispersion characteristics were analyzed and 
the waveguide parameters were determined from the DFB laser experiments. 
Symmetric waveguides were fabricated on glass substrate using rhodamine 
dye-doped zirconia films as the active guiding layer. The cover layer was titania—silica 
with a refractive index matching that of the glass substrate. D F B laser action was 
induced in the waveguide structure. Tunable laser action was achieved in the 
symmetric waveguide with guilding film thickness as small as 0.126 )Lim. Lasing was 
not obtained for asymmetric waveguides of the same thickness. Lower pump threshold 
was generally observed for symmetric waveguide lasers. The dispersion 
characteristics of the waveguide lasers were in excellent agreement with thin-film 
optical waveguide theory, demonstrating the high optical quality of the sol-gel 
symmetric waveguide structure. In addition, the characteristics of symmetric structure 
in the DFB waveguide lasers were discussed. 
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Chapter I 
INTRODUCTION 
Dye laser is a main branch in the family of lasers. Dye laser can operate in the 
wide spectral ranges from the near ultraviolet (UV) to the near infrared (IR), and its 
output can be varied from low to high power/energy at different operation modes. 
Dye laser plays an important role in scientific research, industry and national defence 
etc. 
Since the first dye laser invented by P.P. Sorokin et al. in 1966 [1]，much of dye 
lasers have been based on liquid phase active mediums. But the large volumes of 
solvents, the volatility of solvents, the toxicity of the solvents or dyes, large cooling 
system and high maintenance cost have limited the application range of liquid-based 
dye lasers. Compared with liquid dye lasers, solid state dye lasers have many 
advantages, such as the compact structure, easy maintenance. These features open up 
a wide range of potential applications in physics, biology, chemistry and relevant 
fields. Solid state dye lasers have their share of difficulties. First, high optical quality 
host matrix with homogeneous organic dopants is required to insure the high quality 
optical output. Second, not like in liquid solvent, the dye molecules doped in solid 
host matrix cannot circulate and renew in the excitation region. The thermal and 
photo-degradation of the organic dopants will seriously reduce the lifetime and 
stability of solid state dye lasers. Therefore robust and thus stable dyes must be used. 
Research and development of the high quality solid-state-based dye lasers have 
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attracted the interests of many researchers. Up to now, a large number of solid state 
dye lasers based on different host matrices and laser dyes have been demonstrated, 
such as dye-doped polymeric materials lasers [2-3], dye-doped sol-gel silica lasers 
[4-6] and dye-doped organically modified silicates (ORMOSIL) lasers [7-8'. 
In 1971, a novel tunable dye laser, distributed feedback (DFB) dye laser, was 
demonstrated by C.V. Shank et al [9]. In place of a resonator cavity, optical feedback 
for D F B laser was provided via backward Bragg scattering from periodic 
perturbations of the refractive index and/or the gain of the laser medium [10]. This 
feedback mechanism resulted in compact laser structure and realized the tunable 
narrow linewidth lasing emission easily. Since then, many research works had been 
done on D F B lasers. J.E. Bjorkholm et al. observed the higher-order distributed 
feedback oscillators [11] and they also achieved D F B laser in thin-film optical 
waveguides [12]; R丄.Fork et al. demonstrated the photodimer D F B laser [13]; Y. 
Aoyagi et al realized the electromechanical tuning in D F B dye laser with PZT 
piezoelectric materials [14]; Z. Bor carried out many works on picosecond pulse 
generation in self Q-switched DFB dye laser [15-16] and realized the continuous 
pressure tuning [17]; J. Jasny fabricated an optical and mechanical arrangement for a 
tunable D F B dye laser [18]. At the same time, semiconductor DFB lasers had also 
been developed [19-23]. On the theory of D F B laser, the first DFB theory based on 
coupled-wave model was presented by H. Kogelnik et al. in 1972 [10]. Soon, a 
related coupled-wave theory was developed by A. Yariv in 1973 [24]. More detailed 
works had been carried out on the development of DFB laser theory by S. Wang [25], 
F. K. Kneubiihl et al. [26-27], I.N. Duling et al. [28], RA. Apanasevich et al. [29] 
and A.N. Rubinov et al [30] etc. 
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In the past years, D F B lasers based on solid state materials were developed 
rapidly. Many new materials for host matrix and functional dopants have been 
synthesized. For example, G. Kranzelbinder and his coworkers reported an optical 
read and written D F B waveguide lasers based on D C M i P M M A [31], MET-PPV [32] 
and deep-ultraviolet photopolymer [33]; Y. Oki, M . Maeda and their coworkers did 
many works on D F B plastic waveguide dye lasers, such as ultrashort pulse 
generation [34], multiwavelength laser array to spectroscopy application [35], long 
lifetime and high repetition operation [36] and wide-wavelength-range tuning [37] 
and the fabrication of DFB grating structure [38]; J.F. Pinto et al reported the 
tunable DFB Ce^^-doped LiSrAlFe lasers [39]; B.J. Scott et al reported a dye-doped 
mesostmctured silica DFB laser by soft lithography [40]; M . Fukuda et al reported 
the DFB dye laser action in dye-doped sol-gel xerogel monolith [41]. All in all, most 
DFB solid state lasers were based on organic dye-doped polymer materials [42-48] 
and semiconducting (conjugated) polymer materials [49-50]. D. Lo et al carried out 
many works on sol-gel silica dye lasers [6, 51-58]. Recently, they realized DFB 
dye-doped silica laser tunable in the visible [59] and in the near ultraviolet [60] and 
demonstrated temperature tuning of DFB solid state dye lasers [61], then they 
obtained the tunable DFB waveguide lasers in sol-gel titania-silica glass waveguides 
[62]. The demonstration of sol-gel glass DFB waveguide lasers gave us a good 
direction for our further works. 
In this thesis, following our previous works [59-62], we will report our recent 
works on DFB zirconia and zirconia-organically modified silicate (ORMOSIL) 
waveguide lasers. First, we will prepare dye-doped zirconia and zirconia-ORMOSIL 
films by sol-gel method. Uncladded zirconia and zirconia-ORMOSIL films deposited 
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upon glass or fused quartz substrates behave as the asymmetric waveguides. The 
transmission, absorption and waveguiding performances of these waveguides will be 
analyzed. The detailed results will be shown in Chapter II. 
Second, we will realize tunable DFB lasers in R6G- and RB-doped zirconia 
and zirconia-ORMOSIL waveguides. The experimental setup and optical 
arrangement will be described in Chapter III. Several important laser parameters will 
be measured, such as wavelength tuning range, threshold pump energy, slope 
efficiency, output polarization and operation lifetime. These results will be given in 
Chapter IV. Some results have been published in Applied Physics Letters [63]. 
Third, we will report the tunable multi-wavelength DFB lasers in R6G-doped 
multi-mode zirconia waveguides. Simultaneous tuning of dual- and 
quadruple-wavelength will be demonstrated. Good agreement of tuning data versus 
theoretical fits will be observed. The performances of multi-wavelength waveguide 
lasers will be described. The dispersion curves will be simulated theoretically and 
compared with the experimental data. In addition, the feasibility of the determination 
of waveguide parameters by the DFB technique will be evidenced. All these contents 
will be presented in Chapter V, and some of them have been published in Optics 
Letters [64；. 
Finally, dye-doped sol-gel glass symmetric waveguides will be prepared. 
Sol-gel titania-silica films with index matching will be applied as the cover layer 
upon the dye-doped zirconia films. Tunable DFB lasing emission will be observed in 
the symmetric waveguides with guiding film thickness as small as 0.126 |im. DFB 
laser action in asymmetric waveguide above or below the cutoff will be investigated. 
Dispersion curves for asymmetric and symmetric waveguide lasers will be illustrated 
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and compared with experiment data. Besides, some numerical simulations will be 
carried out to analyze the index matching error and the guiding layer thickness 
dependence of the D F B output wavelength deviation and the confinement factor. 
These results will be written in Chapter VI. Parts of the works have been published in 
the Journal of Optics A: Pure and Applied Optics [65:. 
Moreover, coupled-wave theory of D F B lasers and one-dimensional planar 
optical waveguide theory will be introduced in Chapter ill. Conclusions will be 
drawn in Chapter VII. Further works will also be discussed there. 
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Chapter II 
DYE-DOPED SOL-GEL ZIRCONIA AND ZIRCONIA-
ORGANICALLY MODIFIED SILICATE WAVEGUIDES 
2.1 General sol-gel process 
Sol-gel process has been known for a long time. As early as 1864, Thomas 
Graham had successfully prepared gels of silica [66]. Sol-gel processing technique 
has witnessed rapid development during the last two decades. Ceramic materials in 
various forms, such as powder, fibers, coatings, monoliths and ordered pores, can be 
fabricated by sol-gel method. In particular, sol-gel process has become a popular 
processing technique in preparing optical materials. 
It is representative to use silica as an example. Generally, the sol-gel process 
can be described by three reactions: 
R〇 \ R〇 \ 
R O — S I — O R + H2O R O — S I — O H + R〇H 
R O M M ) R〇Z(M) ( 2 1 ) 
R〇 \ / 〇 R R〇 \ / OR 
RO 一Si — OR + HO ——Si — OR 一 - RQ—Si — O —Si — OR + R〇H 
R〇Z(M) (N)\ OR R O M M ) OR ^^  2) 
R〇 \ / 〇 R R〇 \ / OR 
RO一Si — OH + H O— Si — OR - RQ—Si —〇—Si — OR + H2O 
RO^(M) (N)\ OR R〇Z(M) (N)\ OR (2 3) 
In reaction (2.1), a silicon alkoxide such as tetraethoxy silane (TEOS) is hydrolyzed. 
The alkoxide group (OR) is replaced by hydroxyl group (OH), then forms silanol 
groups. This reaction is called as hydrolysis reaction. Subsequently, the O R group of 
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one TEOS molecule reacts with the O H group of an adjacent molecule (reaction (2.2)) 
or the O H group reacts with each other to form an Si-O-Si bond (reaction (2.3)). W e 
refer to (2.2) as the alcohol condensation reaction and refer to (2.3) as the water 
condensation reaction. If these processes repeat themselves, then more and more 
Si-O-Si bonds are formed. As the polymerization continues, the viscosity of solution 
increases until solid gel is formed. 
Indeed, the silicon can be replaced by another element M such as Ti or Zr. Thus 
TiOi and ZrOi gels can be prepared. If two alkoxides are used such that M is Ti and 
N is Ba, then a BaTiOs gel is formed. 
The solid gel has an interconnected three-dimensional pore network structure. 
This structure is often weak and brittle after aging and drying. In order to prevent the 
gel from cracking, organic groups are introduced into the oxide network. The 
presence of organic modifier can increase the flexibility and mechanical strength of 
sol-gel materials enormously. Such materials are known as organically modified 
silicates (ORMOSIL), organically modified ceramics (ORMOCER) and ceramic 
polymer (CERAMER). 
2.2 Dye-doped sol-gel zirconia and zirconia-ORMOSIL waveguides 
Zirconia has the wide optical transparency and the high mechanical strength 
and resistance to chemical reaction. Combined with its high refractive index, zirconia 
films on glass or quartz substrates hold good promise for a wide range of 
applications in integrated optics. Zirconia thin films appear to be superior to some 
materials, such as titania-silica films, in view of the optical transmission deep into 
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the U V and the absence of catalytic photo-degradation of organic dopants [68". 
Hence, zirconia seems ideal as a host matrix for functional organic dopants. 
W e largely followed the preparation procedures of Sorek et al. to fabricate 
dye-doped zirconia and zirconia-ORMOSIL films on glass or fused quartz substrates 
[68-69]. The main difficulty in preparing zirconia films from zirconia alkoxides laid 
in the rapid hydrolysis and subsequent precipitation of colloidal zirconia upon water 
addition to the zirconia precursors [68]. Fig. 2.1 is the schematic block diagram of 
preparation procedures. The starting solutions consisted of zirconium «-propoxide 
and acetic acid. After the solutions were magnetically stirred for an hour, a few drops 
of 2-propanol were added to adjust the viscosity that in combination of the speed of 
spin coating determined the thickness of the films. The water needed for hydrolysis 
was mixed with acetic acid (1:3 by volume) and introduced drop by drop to the 
solutions. The molar ratio of zirconium fz-propoxide to acetic acid was about 1:4 in 
the final solutions. Finally, laser dyes, such as R6G and RB, were added until the 
desired concentration was reached. For zirconia-ORMOSIL films, the organic 
modifier y-glycidyloxypropyltimethoxysilane (GLYMO) was introduced in the initial 
solutions without any purification. Dye-doped zirconia and zirconia-ORMOSIL 
films were obtained by spin-coating glass or fused quartz substrates with the final 
solutions. Cladded on one side by the low index substrate and the other by air, the 
film on substrate structure behaved as an asymmetric waveguide. Depending on the 
viscosity of the solution and the spinning speed, films of thickness varying from 0.6 
to 1.4 |Lim were obtained. Prepared at room temperature, the refractive index for both 
zirconia and zirconia-ORMOSIL films was 1.56 to 1.57. Refractive index up to 1.64 
was obtained when the films were kept at 60 °C for 2 days. Atomic force microscopy 
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(AFM) revealed that the surface of the films appeared to be amorphous with a 
random distribution of zirconia gel particles. 
The presence of G L Y M O m the films served to reduce the porosity and to 
improve the flexibility and the mechanical strength. W e were to make waveguiding 
zircoma-ORMOSIL films of thickness up to 2.8 譯，whilst zircoma films of similar 
thickness often had poor waveguiding properties (absence of waveguide modes) 
probably resulting from poor surface smoothness. Pure zirconia films can be 
removed from glass or fosed quartz substrates by blade easily and clearly, on the 
contrary, it is hard to clearly remove hybrid zirconia-ORMOSIL films from the 
substrates. 
The waveguiding properties of doped and undoped zirconia and 
zircoma-ORMOSIL films were characterized using a commercial prism coupler 
(Metncon model 2010) at 633 nm. Multiple waveguide 励des (for both TEand TM) 
were observed for films of thickness greater than 1 脾.Only one mode was allowed 
for films with thickness of about 0.6 Refractive index and the thickness of the 
film were s麵Itaneously determined from the propagation angles of the waveguide 
励des. Comparing the scanning prism coupler results for zirconia and 
zirconia-ORMOSIL films, it was revealed that zirconia-ORMOSIL films had better 
waveguiding properties as evidenced by the sharp and better resolved guiding modes. 
There were no measurable differences m refractive index for dye-doped and undoped 
waveguides for dye concentrations up to 2x10—3 M/L A Hitachi spectrophotometer 
was used to study the absorption/transmission properties of the waveguides. The 
transmission trace of a typical undoped zircoma waveguide of 0.6 脾 thickness on 
ftised quartz showed excellent transmission from 210mntothe near infrared (Fig. 
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2.2). For zirconia-ORMOSIL films, increased absorption in the deep U V (210-280 
nm) was observed. Fig. 2.3 showed the absorption spectra of R6G-doped and 
RB-doped zirconia waveguides. The R6G-doped waveguide had an absorption peak 
near 530 腿，thus allowing efficient pumping at 532 画 by frequency-doubled 
neodymium-yttritium-aluminum-gamet (Nd.YAG) laser. On the contrary the 
absorption peak of R B was at 580 画.High R B concentration of 5x10—2 M/1 was 
achieved in the zirconia films which partly made up for the weaker absorption of the 
pump laser, whilst the highest concentration for R6G was 7x10—3 M/1. 
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2.46g Zirconium "-propoxide 
0.3 ml acetic acid 
Stirred for 60 mins   _j [  
2-propanol 0.6 ml 
( G L Y M O as desired molar ratio) 
Stirred for 10 mins 
J [ 
H2O 0.3 ml 
Acetic acid 0.9 ml 
(Drop by drop) 
Stirred for 60 mins 
，r 
Add laser dye as desired (e.g. R6G, 
RB) 
Stirred for 24 hours 
I  
Spin-coating on glass or fused 
quzrtz at 2, 4 and 6 Krpm. 
Sealed, aging and drying 
One week at room temperature J r 
Remove the sealed tapes, 
sol-gel glass waveguides obtained 
= � a ^ O = w ^ : S ^ i = g r a m of preparation procedures of dye-doped 爾onia and 
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Fig. 2.2 Transmission trace of zirconia film on fused quartz substrate. 
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Fig. 2.3. Absorption spectra for R6G-doped zirconia film and RB-doped zirconia film. 
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Chapter E I 
BASIC THEORY AND EXPERIMENT SETUP OF 
DISTRIBUTED FEEDBACK WAVEGUIDE LASERS 
3.1 Coupled-wave theory of distributed feedback lasers [10: 
The coupled-wave model of Kogelnik and Shank is followed in this thesis. In 
this model, distributed feedback lasing oscillation occurs in periodic structures. The 
periodic structures were realized from periodic perturbations of the refractive index 
and/or the gain of the laser medium. Instead of the conventional cavity mirrors, the 
feedback was provided via backward Bragg scattering in these periodic structures. So 
the distributed feedback structures are compact and provide a high degree of spectral 
selection. 
Fig. 3.1 is a simplified illustration to demonstrate the operation of a distributed 
feedback structure. Two counter-running waves (wave R and wave S) travel in the 
periodic structure, one receives light at each point along its path by Bragg scattering 
from the oppositely traveling wave. Since this feedback mechanism is distributed 
throughout the length of the periodic structure, we named it as "distributed feedback 
(DFB)". 
Coupled-wave theory of DFB lasers is a linear theory. In this model, we 
consider an axially periodic structure parallel to the z-axis (Fig. 3.1). The scalar wave 
equation 
^ + = 0 (3.1) dz 
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is Utilized to describe the electric field propagates in this structure, where E is a 
complex amplitude of a field of angular frequency co, which is assumed to be 
independent of the x and y coordinates. 
D — I I I I I D — 
」 d lo l o l ^ l ^ 
WaveR 
i A 丨 � 7 
^ > L 
Fig. 3.1. Illustration demonstrating laser oscillation in a periodic structure. 
We assume there exists a spatial modulation of the refractive index n(z) and of 
the gain a(z) in the active medium, expressed as 
n{z) = n + n^ cosilp^z), (3 之） 
a{z) = a + cos(2/?oz), 
where n and a are the average values of the parameters of the medium and ni and ai 
are the amplitudes of the spatial modulation. At the Bragg condition 
Pq = 710)^1 c = nco I c. (3*3) 
The k constant in the wave equation (3.1) can be written in the form 
le = p h i jap + AkP cos(2y^ oZ)， （3-4) 
where = _ / c , and the coupling constant k is defined by 
K = 7tnJ X^+^^ja^ (3-5) 
K is a central parameter of this model. It measures the strength of the backward 
Bragg scattering and thus the amount of feedback (per unit length) provided by the 
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Structure. 
Considering the two counter-running waves R and S in DFB structure, these 
waves are amplified because of the gain and they feed energy into each other due to 
backward Bragg scattering. So we express these waves by complex amplitudes R(z) 
and S(z), and write the electric field as the sum form 
E{z) 二 R{z) ^M-JM + 风z) exp(y/?。z). (3.6) 
Insert equation (3.6) into the wave equation (3.1), we can obtain a pair of 
coupled-wave equations of the form 
S'+{a-j5)S = JkR. • 
The parameter 5 is a normalized frequency parameter defined by 
5 三、pi — p ) � l i p � P — l3�=n{co — co)lc. (3.8) 
It is a measure for the departure of the oscillation frequency (o from the Bragg 
frequency COQ. At the Bragg condition 5=0. 
The coupled-wave equations (3.7) describe wave propagation in the DFB 
structure in the presence of gain and of the periodic perturbations of the medium. 
Combining with the boundary conditions 
R(-U) = S(U) = 0, (3.9) 
where L is the length of the structure, we can describe the longitudinal field 
distribution of the modes of a DFB structure in the form 
R = sinh(/{z +—L)), 
2 (3.10) 
S = 土sinhCKz— 丄Z)), 
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where y is the complex propagation constant obeying the dispersion relation 
y^ +{a-j5)\ (3.11) 
A discrete set of eigenvalues y corresponds to a set of modes. To determine the 
eigenvalues, insert equation (3.10) into the coupled-wave equation (3.7). W e obtain 
the following expressions 
= (3 12) 
and a transcendental equation for the eigenvalues y 
= (3.13) 
These eigenvalues are generally complex. For each value of y we have a 
corresponding threshold gain constant a and a resonant frequency 5. They obey the 
relation 
— = 土 =/coshO^i^), (3.14) 
which is derived by subtraction of equation (3.12). 
The (threshold) modes of DFB structure can be obtained from the above 
solutions. For given L and K, we can calculate out the eigenvalue y of each mode by 
solving equation (3.13), hence the characteristic field pattern, the characteristic 
threshold gain and the resonant frequency of each mode. 
3.2 Introduction on the theory of planar optical waveguide [70-71] 
In our experiment, DFB laser is generated and propagate in the planar optical 
waveguide. So the DFB laser action will obey the guided wave characteristics of 
planar waveguide. Hereafter, a brief introduction on the theory of one-dimensional 
planar waveguide is presented. 
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Fig. 3.2 illustrates the simplest structure of planar optical waveguide. It consists 
three layers: the guiding layer, the substrate and the cover layer. The guiding layer is 
sandwiched by the substarte and the cover. Generally, for the asymmetric waveguide, 
the refractive index of the guiding layer rif is larger than those of the substrate and the 
cover (nf>ns>nc), while for the symmetric waveguide, nf>ns=nc. Due to the total 
internal reflection at the two interfaces, the light ray can be confined and zigzags in 
the guiding layer. There exist five key parameters characterize the waveguide. They 
are nf, iis, iic, the guiding layer thickness h and the propagation constant 
k-ln IX- CO I c. 
Transverse Transverse 
n。 Electric Magnetic 
^ h \ X H < ^ ^ 
•~~ y 
A 
Fig. 3.2. Cross-section structure of a planar optical waveguide and the configurations of 
transverse electric (TE) and transverse magnetic (TM). A cross indicates the field entering the 
page, and "o" indicates the field coming out of the page. 
Considering a light ray travels in the guiding layer, the total wavevector, 
k = , can be decomposited to the longitudinal component p and the transverse 
component k, respectively. They obey the relation: 
k" =K+/3\ (3.15) 
The longitudinal wavevector p is used to identify individual modes, that is to say, (3 is 
the eigenvalue of the guiding mode. A guided wave must satisfy the following 
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condition 
k^ n^  < P < k^ rij . (3.16) 
For the TE modes in an asymmetric waveguide, through solving the wave 
equation 
+ (3.17) ox 
and combining with the continuous boundary conditions, we can derive the 
transverse portions of the electric field amplitudes in the three regions: 
E = ^[COS(A: .x) - — sin(A： .x)], - h < x < 0 (3.18) 
^ Kj-
Ey 二 4cos(>,/z) + "^ sin(>;,/2):K、“+'),x < -h 
^ Kf 
where A is the amplitude at the x=0 interface, y^  = - K ^ c and 
八 , - - k ^ n ^ are the attenuation coefficients, and k^ = ^ ^kjn^- is the 
transverse wavevector. Using the continuity of dE^ / dx at x二-h, the eigenvalue 
equation for p can be derived from (3.18) as the form 
tan(/z/c^ ) = (TE mode), (3.19) 
Kf 
Similar results can also be derived in the T M case. 
The characteristic eigenvalue equation for the TE modes in a symmetric 
waveguide is: 
K for even modey 
tan(/^ /2/2)= “ (3.20) for odd modes 
r 
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According to condition (3.16), we define the effective refractive index of the 
guiding mode as 
" 敌 = f (3.21) 
/Co 
In addition, power in the waveguide structure is found by integrating the Poynting 
vector over the whole area. The confinement factor r is used to describe the fraction 
of the power contained in the guiding layer, 
r = k = 拟批 (3.22) 
Ptotal EY (x)Hi (x) dx 
3.3 Experiment setup design of DFB waveguide lasers 
In our DFB waveguide laser experiment, we utilize the interference of two 
coherent laser beams to form the periodic modulation in the body of zirconia film. 
Considering the absorption of R6G or RB, we choose the frequency-doubled 
Nd:YAG laser at 532 nm as the pump source. The two coherent pump beams can be 
obtained from the same laser source by employing a beam splitter. The Nd:YAG laser 
at 532 nm is S-polarization (~ 95%) laser source. When two beams overlap in the 
zirconia film, pure intensity interference patterns are generated dynamically [72:. 
Thus we attribute the DFB modulation to the gain modulation. In such an 
arrangement, grating-like interference patterns with high visibility are required to 
reduce the pump threshold energy, to lead to narrow linewidth of DFB laser output 
and to improve the output energy and stability. 
The optical arrangement of the DFB zirconia and zirconia-ORMOSIL 
waveguide laser is illustrated in Fig. 3.3. In this setup, a holographic grating of 1800 
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lines/mm was employed as beam splitter. The pump beam from a nanosecond 
frequency-doubled Nd:YAG laser (Continuum Surelite II) first went through a 
cylindrical lens with horizontal optical axis, then a high-reflection (HR) plane mirror 
reflected this beam on the holographic grating. The beam was diffracted into two 
parts (±1 orders) of approximate equal intensities. Two identical rotatable H R plane 
mirrors were used to redirect those two transverse converged beams to combine on 
the waveguide sample at an intersection angle 26. The interference patterns were 
generated at the combined region. The period of the interference patterns 八 can be 
written as 
A 二 (3.23) ISinO 
where is the wavelength of the pump source. The waveguides mounted on a 
translation stage can be finely moved along Y direction. The intersection angle of 
two crossing beams can be varied continuously by finely rotating these two H R plane 
mirrors and moving the waveguides, resulting in the continuous varied period of the 
interference patterns. Distributed feedback occurs near the Bragg scattering condition 
of the form 
= (3.24) 
lejf 
where O equal to 90° in DFB model, r|eff is the effective refractive index of 
waveguide predicted by equation (3.21), is the DFB output wavelength in air (not 
in the active medium), and M is the order of Bragg scattering. Substituting equation 
(3.23) into (3.24), we can obtain the spectral selection equation of DFB waveguide 
lasers 
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儿 ( 3 . 2 5 ) 
L MSinO 
This equation is the theoretical base of wavelength tuning of D F B waveguide lasers. 
By translating the position of cylindrical lens back and forth, the pump beams 
can be focused on the waveguide at a pump energy density of desired value. 
Attenuators maybe used along the light route to vary the pump energy. Increasing the 
pump energy above the threshold at the appropriate intersection angle (appropriate 
period of intensity modulation), the DFB lasing emission will emit along the length 
of the excited zone. The output beams of D F B waveguide lasers have large 
divergence angle. A 100 m m convex lens was used to collect and collimate the output 
beams. The D F B laser signal was coupled into an optical fiber probe connected with 
a 0.3 m spectrograph/array detector system for spectra measurement. The time 
waveforms were measured by a fast sub-nanosecond phototube ( H A M A M A T S U 
R1193U-52) in conjunction with a fast digital oscilloscope (LeCroy 9362C), and the 
polarization of DFB laser output was determined by a polarizer inserted in front of 
the fiber probe. The pump energy was measured by ajoulemeter (Gentec DE-200) in 
conjunction with a digital oscilloscope (LeCroy 9361). 
As mentioned above, 532 n m laser was chosen as the pump source due to the 
relative high absorption of both R6G and RB dye molecules. In this case, the DFB 
laser cannot operate at the first order Bragg scattering condition because of the 
output wavelength and the pump wavelength fail to match the equation (3.24) when 
M=l. So the DFB waveguide lasers will be operated in the second order (M=2) 
Bragg scattering condition in our experiments. 
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Fig. 3.3. The experimental setup of DFB waveguide lasers. 
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Chapter IV 
ZIRCONIA AND ZIRCONIA-ORGANICALLY MODIFIED 
SILICATE DISTRIBUTED FEEDBACK WAVEGUIDE 
LASERS TUNABLE IN THE VISIBLE 
Since the first tunable DFB dye laser action was demonstrated in R6G dye 
solution by C.V. Shank et al. [9], many kinds of materials were used as host matrix 
for functional organic dopants in the DFB lasers. Due to the potential value in 
integrated optics and communications, host matrices based on thin film optical 
waveguides have become the focus of many groups recently. DFB lasers have been 
demonstrated in many organic [31-38, 42-50] and inorganic [62] thin film 
waveguides. 
In this chapter, we utilized dye-doped zirconia and zirconia-ORMOSIL 
waveguides to demonstrate the tunable distributed feedback waveguide lasers. By 
low-temperature sol-gel technique, we have successfully prepared high optical 
quality R6G and RB-doped zirconia and zirconia-ORMOSIL waveguides. The 
detailed preparation procedures were described in chapter II. Depending on the 
different preparation and storage conditions, the thickness and refractive index of 
zirconia and zirconia-ORMOSIL films varied from 0.6 to 1.4 |im and from 1.56 to 
1.64, respectively. The transmission, absorption and waveguiding characteristics 
were also analyzed in chapter II. The relevant DFB experiment setup was illustrated 
in Fig. 3.3. 
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W e first attempted to observe the DFB laser action in R6G-doped zirconia 
waveguides. The sol-gel zirconia solution was spin-coated upon the glass substrate 
(n=1.51) at a spinning speed of 4000 rpm for 50 seconds. Then it was sealed and 
aged in room temperature for one week. The thickness and the refractive index 
determined by the prism coupler system were 0.62 jam and 1.56, respectively. The 
initial dye concentration was 4x10'^ M/L. W e successfully obtained tunable DFB 
laser output in R6G-doped zirconia waveguide when the pump energy was up to 
about 50 pJ per pulse. Accounting for reflection and transmission loss of the pump 
laser, the actual energy delivered to the film was about 8 |iJ. Continuous tuning of the 
output wavelength was achieved by varying the intersection angle 9 of the two 
crossing beams. Single mode lasing was observed throughout the tuning range from 
586 to 618 nm. Fig. 4.1(a) showed the spectra changed with the intersection angle. 
The laser spectra had a structure of a single prominent peak near the center of the 
gain profile (600nm). As the laser was tuned away from the gain center, significant 
amplified spontaneous emission (ASE) appeared in the background. The linewidth of 
the DFB laser output was narrow at about 0.5 nm which was in fact the resolution 
limit of our detection system. Fig. 4.1(b) showed the experimental data of the angle 
tuning versus the theoretical fit (solid line) of Bragg condition (3.25). The effective 
refractive index of the guiding mode rjeff was key to calculate the fit curve precisely. 
Using the parameters of the waveguide sample, nfiim=1.56, nsubstrate=l-51, iicover二 1.00, 
thicknessfiim=0.62 |im and propagation constant V^ln/X, here we assumed a fixed 
wavelength nm, the center of the gain, we calculated out the effective 
refractive index was 1.530 for TEq mode and 1.526 for TMo mode. N o high order 
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Fig. 4.1. (a) Laser emission spectra for the R6G-doped zirconia waveguide laser on glass 
substrate; (b) Data of angle tuning vs theoretical fit. 
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mode can be confined in this waveguide which was also confirmed by the prism 
couple system. According to the measured result of the polarization of DFB output 
(see the following text), we chose r|eff=1.53 (TEo mode) to fit the experimental data. 
Good agreement between experiment and theory was seen in Fig. 4.1(b). 
Fig. 4.2 displayed the D F B waveguide laser output energy varied by the 
increase of pump energy. As the pump energy increased from 50 FJJ to 350 |LIJ, the 
output energy increased linearly. In the experiment, we also measured the lifetime of 
the R6G-doped zirconia film pumped by 220 juJ at 0.5 Hz repetition rate, which is 4 
to 5 times of the threshold pump energy. The output energy decreased to 50% of the 
initial energy after 800 shots. The decay curve was fitted in Fig. 4.3. It is believed 
that the lifetime will be increased considerably when the pump energy was decreased 
to 100 |LlJ to 150 |LIJ. 
The polarization of DFB waveguide laser was determined. By rotating the 
polarizer in front of the fiber probe, the output intensity varied periodically as the 
azimuth angle of the polarizer. Fig. 4.4 illustrated the variation. The output energy 
reached the maximum at 0° and 180°. By contrast, it decreased to almost zero at 90° 
and 270 The ratio of the maximum and the minimum was several tens, which 
indicated that the polarization of DFB waveguide laser was parallel to the substrate 
and was S-polarized. The DFB waveguide laser output was a TE guiding mode. This 
TE mode lasing was mainly due to the linear S-polarization (〜95o/o) of the pump 
laser at 532 nm, and we also believed that if we changed the polarization of pump 
laser, DFB laser output with different polarizations could be obtained. Similar results 
were observed in R6G-doped zirconia films on fused quartz substrates (n=1.46). 
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Fig. 4.2. DFB R6G-doped zirconia waveguide laser output energy versus the pump energy. 
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Fig. 4.3. The lifetime of R6G-doped zirconia waveguide lasers excited by 220 |_J per pulse at 532 
nm. 
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Fig. 4.4. Polarization of dye-doped zirconia waveguide laser output. 
Tunable DFB laser action was achieved in RB-doped zirconia waveguide 
deposited on glass substrate. The initial RB concentration was 2x10"^ M/L, and the 
refractive index and the thickness were 1.56 and 1.1 jim, respectively, measured by 
the prism coupler system. The effective refractive index of TEo mode was 1.54 on 
galss substrate (n=1.51) at 650 nm. Only the fundamental mode lasing was observed. 
The full wave at half maximum ( F W H M ) of ASE spectrum of RB-doped zirconia 
film was about 20 nm. Wavelength tuning from 629 n m to 659 nm around the central 
wavelength of 650 n m was realized by varying the intersection angle. It was difficult 
to obtain DFB waveguide laser output in the long wavelength sideband, probably 
because the gain in the long wavelength sideband was small, or the propagation loss 
was relative large. Fig. 4.5(b) showed the intersection angle tuning data versus the 
theoretical fit. The experimental data fit quite well with the theoretical curve. 
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Fig. 4.5. (a) Laser emission spectra for the RB-doped zirconia waveguide laser on glass substrate; 
(b) Data of angle tuning vs theoretical fit. 
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Fig. 4.5(a) illustrated the lasing spectra of the intersection angle tuning. Compared 
with the spectra of R6G-doped zirconia waveguide laser in Fig. 4.1(a), the ASE 
background always appeared along with the narrowband laser emission, mainly due 
to the relative weaker absorption of R B at 532 n m (see Fig. 2.3). For the same reason, 
the threshold pump energy for R B was as high as 75 pJ, and the lifetime also 
decreased. The laser linewidth was less than 0.5 nm. The D F B output corresponded 
to TEo guiding mode. If we improve the quality of zirconia films and use fused 
quartz as the substrate, high lasing quality and long lifetime D F B waveguide lasers 
can be achieved, resulting from the improved confinement of the guiding mode and 
the reduced propagation loss. 
Sol-gel glass films of thickness > 10 jam were required for volume holography, 
optical storage, and information processing [73]. Films of such thickness can be 
fabricated by the introduction of an organic modifier into inorganic network to 
reduce stress during evaporation. As mentioned earlier, G L Y M O was used as the 
organic modifier in the fabrication of the zirconia-ORMOSIL waveguides. W e 
prepared doped and undoped hybrid zirconia-ORMOSIL films on glass substrates by 
spin coating. The thickness of the hybrid films was up to 2 jam and the refractive 
index was up to 1.64. Parts of the samples were drying and aging in a thermal oven at 
temperature of 40°C which will increase its refractive index. W e also successfully 
demonstrated tunable DFB laser action from RB-doped zirconia-ORMOSIL films 
deposited on glass substrate. The refractive index of the hybrid film was 1.57, and 
the thickness was 1.34 |j.m. The effective refractive index was 1.558 for TEo at 650 
nm. The initial concentration was 1x10"^ M/L. Wavelength tuning range from 647 to 
674 nm around the central wavelength of 650 nm was achieved by varying the 
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intersection angle 0. Compared with the tuning range of RB-doped zirconia 
waveguide laser, output wavelength red-shifted obviously. W e attributed the red-shift 
to the higher dye concentration. It was expected that a higher dopant concentration 
will lead to a greater red-shift of the lasing spectrum due to reabsorption [74]. The 
line width of the laser output was less than 0.5 nm. Fig. 4.6 showed the angle tuning 
data versus the theoretical fit curve of TEQ mode lasing. Good agreement was 
observed. Since G L Y M O was doped into the initial solution, the viscosity of the 
solution increased, resulting in higher roughness of the film surface and weaker 
absorption of R B at 532 nm. The ASE background in D F B zirconia-ORMOSIL 
waveguide lasing spectra was relative high compared with the peak value. The 
roughness of the film surface can be decreased if dip-coating technique was applied. 
Dip-coating technique can also be used to increase the zirconia-ORMOSIL film 
thickness. The lifetime of RB-doped zirconia-ORMOSIL waveguide lasers was 
similar to that of zirconia waveguide lasers. 
In the experiments, we found that it was hard to observe DFB waveguide lasing 
when the zirconia films were heated in a thermal state over 60°C for days. Maybe 
rapid drying induced seriously crack within the film body, and high loss occurred due 
to the poor optical quality of the planar films. 
From Fig. 4.1(b), Fig. 4.5(b) and Fig. 4.6, we noted that the experimental data 
laid below the fit curve at long-wavelength-range and above the fit curve at 
short-wavelength-range. It is because that we used a fixed value for the effective 
refractive index to fit the experimental data and ignored the dispersion effect of 
sol-gel zirconia films. In general, the refractive indices of zirconia and 
zirconia-ORMOSIL films decreased slightly as the propagation wavelength increased 
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Fig. 4.6. Data of angle tuning vs theoretical fit for RB-doped zirconia-ORMOSIL waveguide 
laser. 
in the gain region. The deviation of the experiment data from theory serves as a 
reminder that we can utilize the wavelength tuning data to estimate the dispersion of 
this material. By replacing intersection angle with the output wavelength (x-axis) and 
replacing the output wavelength with the calculated refractive index of zirconia or 
zirconia-ORMOSIL film (y-axis), the n-X dispersion curve will be converted from 
the wavelength tuning data (Fig. 4.1(b), 4.5(b) and 4.6). Combined with the tuning 
data at the other spectral regions [37], wide wavelength range dispersion curve could 
be obtained by the corrected model fit. Here we must note that the accurate 
intersection angle measurement is key for the accurate n-X curve. 
In summary, R6G and RB-doped zirconia and zirconia-ORMOSIL waveguides 
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of refractive index from 1.56 to 1.64 and thickness from 0.6 to 1.4 |xm were prepared 
by the sol-gel method. The DFB laser action was demonstrated in dye-doped zirconia 
and zirconia-ORMOSIL waveguides. Continuous tuning of the output wavelength 
was achieved by varying the period of the gain modulation generated by a 
nanosecond Nd:YAG laser at 532 nm. As the certain initial dye concentration, DFB 
timing range were 586-618 nm, 629-659 n m and 647-674 n m for R6G-doped 
zirconia, RB-doped zirconia and RB-doped zirconia-ORMOSIL waveguides, 
respectively. The linewidth of DFB laser was less than 0.5 nm. Accounting for 
reflection and transmission loss, the net threshold pump energy was about 8 |aJ for 
R6G-doped zirconia film on glass substrate and the threshold pump energy for R B 
was higher probably due to the weaker absorption of the pump energy. The DFB 
laser was linear S-polarization which indicated the DFB lasing came from a 
fundamental TE guiding mode. The performances of R6G and RB-doped zirconia 
and RB-doped zirconia-ORMOSIL DFB waveguide lasers were summarized in Table 
4.1. 
W e believed that DFB laser action at other spectral regions, such as ultraviolet 
(UV) and infrared (IR), can be achieved by doping the corresponding U V and IR dye 
into zirconia or zirconia-ORMOSIL films. In this case, the measurement of zirconia 
film dispersion in wide wavelength range became feasible. Besides, by increasing the 
thicknesses and the refractive indices of zirconia and zirconia-ORMOSIL films, 
multi-wavelength DFB output could be demonstrated in the multi-mode zirconia and 
zirconia-ORMOSIL waveguides. 
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n…J J • nn J 1 • RB-doped Samples R6G-doped zirconia RB-doped zirconia zirconia-ORMOSIL waveguide wavegmde waveguide 
Rhodamine 6G Rhodamine B Rhodamine B 
Dye (590) (640) (640) 
Initial ^ye 4x10'^ 2x10—3 1x10"^ concentration (M/L) 
Refractive index of ^ ^^ l ^ y 
film “ ‘ ‘ 
Refractive index of 工 5 丄（^丄已呂呂） 1.51 (glass) 1.51 (glass) substrate 
Thickness of film • 62 1 1 1 34 
(|im) • ‘ ‘ 
Effective refractive 1 5 3 0 1.544 1.558 
index of TEQ mode 
Pump wavelength 532 532 
(nm) 
Order of Bragg 2 2 2 
condition 
Center of gain (nm) 600 650 650 
Wavelength tuning 586 — 618 629 — 659 647 — 674 (nm) 
Threshold pump 50 75 �1 0 0 
energy (^J) 
Linewidth (nm) < 0.5 < 0.5 < 0.5 
S-polarization S-polarization S-polarization 
Polarization of DFB 如瓜 x E guiding from TE guiding from TE guiding 
output ？ J J 
mode mode mode  
Table. 4.1. Perfonnances of zirconia and zirconia-ORMOSIL DFB waveguide lasers. 
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Chapter V 
TUNABLE MULTI-WAVELENGTH DISTRIBUTED 
FEEDBACK ZIRCONIA WAVEGUIDE LASERS 
5.1 Brief introduction on multi-wavelength lasers 
Lasers with multi-wavelength output have found application in sensors and 
lidars for environmental monitoring. For lidar applications, dye lasers are often fitted 
with intra-cavity dispersion elements (e.g. prism or grating) to provide separate 
feedback paths for dual wavelength operation [75]. A multi-wavelength distributed 
feedback liquid dye laser was also reported by Rubinov et al. [76]. With the recent 
up-surge of interest in wavelength division multiplexing ( W D M ) optical fiber system 
for communications, lasers with multi-wavelength output have drawn increased 
attention as the coherent light source in W D M network. For long-haul 
communications based on silica fiber, multi-wavelength erbium-doped fiber lasers 
fitted with wavelength selective elements or arrays of erbium-doped glass waveguide 
lasers have been developed [77-78]. For short-haul communications, plastic optical 
fiber (POF) system (e.g. polymethyl methacrylate (PMMA), deuterated P M M A etc.) 
is more advantageous than silica fiber in terms of cost and flexibility [79]. The 
absolute minimum due to transmission loss of P M M A is near 560 n m with additional 
local minima around 640 nm and 760 nm. The absolute minimum is shifted to 590 
nm for deuterated P M M A [79-80]. A multi-wavelength laser emitting near these 
wavelengths thus appears useful in W D M applications. 
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In this chapter, R6G-doped pure zirconia multi-mode waveguides were 
fabricated by sol-gel processing. Simultaneous tunable multi-wavelength lasers were 
achieved in those multi-mode waveguides by D F B technique. Up to four separate 
output wavelengths were observed in a planar zirconia waveguide of 2.2 jiim 
thickness. The laser output wavelengths corresponded to the propagation modes 
allowed in the planar waveguide. The dispersion characteristics were analyzed 
numerically and compared with the experiment results. In addition, the determination 
of waveguide parameters by the DFB technique was evidenced. 
5.2 R6G-doped zirconia multi-mode waveguides 
The preparation of a good optical quality zirconia waveguide of thickness 
greater than 1 |im is probably the most important step in the tunable DFB waveguide 
laser experiments. The preparation procedure of zirconia films upon glass or 
fused-quartz substrates has been described in section 2.2 chapter II. The initial 
concentration varied from 2x10—3 to 4x10—3 M/1 for R6G. Dye-doped zirconia films 
were obtained by spin coating the final solutions upon glass or fused-quartz 
substrates. The refractive indices of the glass and the fused-quartz substrates were 
1.51 and 1.46, respectively. Cladded on one side by the low-index substrate and the 
other by air, the film-on-substrate structure behaved as an asymmetric waveguide. 
Depending on the viscosity of the solution and on the spinning speed, films of > 1 
jam thickness were obtained. The film thickness was expected to double via 
spin-coating twice. Atomic-force microscopy revealed that the thickness at the center 
of the film was slightly greater than that near the edge. 
The waveguiding properties of doped and undoped zirconia waveguides were 
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characterized with a commercial prism coupler at 633 nm. Multiple waveguide 
modes (for both TE and T M modes) were observed for films of thickness greater 
than 1 iim. The refractive index and the thickness of the film were simultaneously 
determined from the propagation angles of the waveguide modes. Typical scans from 
the prism coupler were shown in Fig. 5.1 for a 1.1 |xm (a) and a 2.2 ^ im (b) zirconia 
films upon fused quartz substrates doped with R6G. Two and four TE/TM modes 
were observed respectively. The calculated effective refractive indices and the 
corresponding waveguide parameters were listed in Table. 5.1. All T M modes 
presented slightly smaller values of effective refractive indices than those of TE 
modes. 
Samples �R 6 G - d o p e d zirconia film (DR6G-doped zirconia film 
Initial concentration (M/L) 2 x 10.3 4 x 10 .� 
n - 1-55 1.56 
nsubstrate 1.46 (quartz) 1.46 (quartz) 
nc^ng 1-00 (air) 1.00 (air) 
Thickness (|am) 1.1 2.2 
Propagation constant 27r/(608nm) 27i/(613nm) 
TE T M TE T M 
0 1.53407 1.53239 1.55236 1.55208 
1 1.48781 1.48255 1.53784 1.53674 
脑 2 — 一 1.51368 1.51135 
3 — — 1.48043 1.47692 
Table. 5.1 Guiding-wave performances of multi-mode zirconia waveguides. 
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Fig. 5.1. Scan traces of (a) a zirconia film of thickness 1.1 |Lim and refractive index 1.55 upon 
fused-quartz substrate and (b) a zirconia film of thickness 2.2 fim and refractive index 1.56 upon 
fused-quartz substrate. 
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5.3 Experimental results and discussion 
5.3.1 Dual- and quadruple-wavelength DFB waveguide lasers 
Dual-wavelength D F B laser output was observed in sample ①(the waveguide 
parameters see Table. 5.1) when the pump laser's energy exceeded 30 jjJ. After 
diffraction and transmission loss had been accounted for, the actual energy deposited 
in the film was approximately 2.4 |xJ. Simultaneous continuous tuning was achieved 
by varying the intersection angle 29 from 2x45.1° to 2x40.7°. For fundamental mode 
(TEo), wavelength tuning range was from 577 n m to 610 nm, while for TEi mode, 
tuning range reduced from 584 n m to 606 nm, which was attributed to the lower 
confinement of the high order mode. Fig. 5.2(b) showed the experimental data of 
angle tuning versus their theoretical fit curves. Two theoretical curves were fitted by 
using the effective indices listed in Table. 5.1. Good agreement between experiments 
and theory was seen. The spectra of angle tuning were illustrated in Fig. 5.2(a). One 
laser peak corresponded to fundamental mode (TEo) appeared first in short 
wavelength side when the intersection angle was about 45。. As the decrease of angle, 
the TEo peak moved towards long wavelength side and another peak came from TEi 
mode appeared. The two wavelengths separated approximately 18 n m (Fig. 5.3(a)) 
and simultaneously tuned in the gain range of R6G. When the angle was varied to 
41.9°, the fundamental lasing mode disappeared due to the low gain, while the high 
order lasing mode can still be tuned until left the gain range. The linewidths of two 
TE modes lasing were both less than 0.5 nm. When it was operated at a 1-Hz 
repetition rate, the DFB waveguide laser worked for more than 1000 shots without an 
appreciable decrease in output energy. 
In order to fabricate zirconia films of greater thickness, we carried out twice 
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Fig. 5.2. (a) Simultaneous tuning of two lasing modes by variation of the intersection angle, 
(b) Output wavelengths as a function of the intersection angle. Solid curves, theoretical fits based 
on the Bragg condition. Effective refractive indices calculated by the one-dimensional planar 
waveguide theory, the values listed in Table. 5.1. 
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Fig. 5.3. DFB waveguide laser output spectra: (a) dual-wavelength operation, 
(b)quadruple-wavelength operation. 
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spin-coatings upon the glass or the fused-quartz substrates. The coating time 
separated 24 hours. Up to 2.2 jim zirconia film was fabricated successfully upon 
fused-quartz substrate (sample ② in Table. 5.1). Quadruple-wavelength D F B laser 
output was achieved in the waveguide when the pump energy exceeded 30 |xJ. Only 
about 3.2 |xJ was actually absorbed by the R6G-doped zirconia film. Four laser 
output wavelengths corresponded to four guiding modes, TEQ, TEI, TEI and TE3. The 
typical lasing spectrum of quadruple-wavelength operation was illustrated in Fig. 
5.3(b). Compared with the 18 n m wavelength separation of the lasing modes for 
dual-wavelength operation (Fig. 5.3(a)), the separation between modes decreased for 
quadruple operation. Four lasing modes were located in a 27 n m span (from 584 n m 
to 611 nm), with progressive reduction in wavelength separation between the 
adjacent lasing modes, viz., the separation between TE3 and TE2 was 13 nm, that 
between TE2 and TEi was 10 nm, and that between TEI and TEQ was 5 nm. The 
decrease in lasing mode separation with increased thickness is consistent with the 
waveguiding behavior of planar waveguides. In an asymmetric waveguide, the 
effective indices of higher-order modes tend to converge to that of the guiding film 
as the film thickness increases, resulting in enhanced optical confinement [71]. In 
DFB waveguide lasers the enhanced confinement manifested itself in the 
convergence of lasing wavelengths. W e achieved simultaneous tuning of the lasing 
modes by varying the intersection angle of the crossing beams from 45.4° to 40.2"^  
(Fig. 5.4(a)) when the DFB laser was tuned through the gain profile. Four DFB 
lasing modes went through the gain profile one by one as the angle variation. At a 
certain angle 42.4。, All four modes output appeared together (Fig. 5.3(b)). Fig. 5.4(b) 
showed the experimental data of angle tuning versus the theoretical fit of the Bragg 
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Fig. 5.4. (a) Simultaneous tuning of four lasing modes by variation of the intersection angle, 
(b) Output wavelengths as a function of the intersection angle. Solid curves, theoretical fits based 
on the Bragg condition. Effective refractive indices calculated by the one-dimensional planar 
waveguide theory, the values listed in Table. 5.1. 
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condition (solid curves). The tuning ranges were from 583 n m to 613 nm, from 583 
n m to 607 nm, from 583 n m to 609 n m and from 582 n m to 605 n m for TEQ, TEI, 
TE2 and TE3 guiding mode, respectively. Using the effective refractive indices for the 
four TE modes listed in Table. 5.1, the theoretical fit curves of four lasing modes 
were calculated. The theoretical curves fit quite well with the experimental data. Due 
to the dispersion effect of zirconia film, the theoretical fit curves have slight 
intersection angles with respect to the experimental data. 
W e compared the slope efficiency (arbitary unit) between the fundamental 
lasing mode (TEQ) and the high order lasing mode (TEI). The experimental results 
were illustrated in Fig. 5.5. In order to eliminate the gain difference of different 
wavelengths, we defined x-axis as times of threshold pump energy. Because of the 
lower propagation loss, the slope efficiency of the fundamental lasing mode was 
larger than that of the high order lasing mode. The conversion efficiency (output 
energy divided by absorbed energy) was about 8% for the fundamental lasing mode. 
The linewidth and lifetime of quadruple-wavelength DFB waveguide laser were 
almost the same as those of dual-wavelength DFB laser. The time wave forms were 
measured and the DFB waveguide laser pulse was slightly shorter than the pump 
laser at 5 ns. 
5.3.2 The dispersion characteristics of multi-wavelength DFB waveguide lasers 
In the above text, we briefly analyzed the wavelength separations of the 
adjacent lasing modes and the span between the fundamental mode and the highest 
mode in the multi-wavelength DFB waveguide lasers. W e noted that the distribution 
of output wavelengths in the multi-wavelength DFB waveguide lasers was 
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Fig. 5.5. The slope efficiencies of the fundamental lasing mode and the high order lasing mode. 
determined strictly by the guiding modes of a given waveguide. In view of the 
application, it is necessary to analyze the dispersion characteristics of 
multi-wavelength D F B zirconia waveguide lasers. 
As mentioned before, the guiding modes were determined by five basic 
waveguide parameters: the refractive indices of the film, the cover and the substrate, 
the film thickness and the propagation constant iTiFk. One guiding mode has one 
effective refractive index r|eff and hence corresponds to one specific output 
wavelength of D F B waveguide lasers. The output wavelength of D F B waveguide 
laser is a function of the waveguide parameters. In this subsection, the functional 
relationships between the DFB output wavelengths and the waveguide parameters 
will be simulated numerically and compared with experiment data. As the 
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asymmetric waveguide, the refractive index of the cover was taken as 1.00 (air) and 
the order of Bragg condition M (equation (3.25)) was set to 2. All calculations were 
carried out in the case of TE guiding modes. 
Firstly, we considered the film thickness dependence of the output wavelengths 
of D F B waveguide lasers. The TE mode eigenvalue equation (3.19) was the basic 
equation of our simulations. In this transcendental equation, all terms depended on 
the value of p. For a given film thickness h, if above the cutoff, one or more 
eigenvalue (3 can be resolved. The number of (3, that is, the number of modes, m, can 
be found approximately from 
m=Int[—^———]. (5.1) 
K 
As the thickness h increases, the number of modes also increases. Because p must 
satisfy the condition (3.16), the separations between the adjacent modes will decrease. 
In DFB waveguide lasers, the different guiding layer thicknesses will lead to the 
different distributions and the separations of output wavelengths. Based on the nature 
of R6G-doped zirconia films, we set the refractive index of the film 1.57, and the 
film thickness increased up to 3.0 |im. Fig. 5.6 showed the theoretical dispersion 
curves of the confined modes of the planar zirconia waveguides upon fused quartz (a) 
and upon glass (b) with DFB experiment data. All output wavelengths of DFB 
waveguide lasers tended to the preset propagation wavelength as the film thickness 
increased. The preset wavelength was 615 n m in Fig. 5.6(a) and 600 n m in Fig. 
5.6(b). Dark dots represented the experimental data. Good agreements between the 
experiments and theory were seen. 
The choice of the substrate will have effect on the output of DFB waveguide 
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Fig. 5.6. Dispersion curves of the confined modes (a) for zirconia film upon quartz substrate, 
(b) for zirconia film upon glass substrate. 
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lasers. From Fig. 5.6(a) and (b), for the same film, four wavelengths can be obtained 
when deposited upon fused-quartz substrate, whilst only three wavelengths were 
obtained in the film upon glass substrate due to the reduced confinement and the 
increased cutoff thickness. 
According to equation (3.25), for a given lasing mode, one intersection angle 6 
only corresponded to one lasing wavelength, so we converted Fig. 5.4(b) to Fig. 5.7 
by replacing the intersection angle with the output wavelength of T E o . In this way, 
we knew the dispersion relationship between the fundamental propagation 
wavelength and the output wavelength of each guiding mode. Not like the dispersion 
of the film thickness, the propagation wavelength mainly effects the whole position 
of multi-wavelength output, but the wavelength separations as well as the span 
almost remained constant. Similar results were also obtained by replacing the 
propagation wavelength of T E o with those of the higher-order modes. 
Refractive index of the film was an important waveguide parameter. Generally, 
the refractive index of sol-gel zirconia film was relatively stable if drying and aging 
at room temperature, so we did not consider its effect on the output wavelength of 
DFB waveguide lasers. It is clear that high value of the refractive index will increase 
the number of the guiding mode and hence the number of output lasing wavelength. 
5.3.3 Determination of waveguide parameters by the DFB technique 
It is known that the output characteristics of multi-wavelength DFB waveguide 
lasers can be determined by the waveguide parameters. Conversely, we can 
determine the waveguide parameters by the output characteristics of 
multi-wavelength DFB waveguide lasers. For a multi-mode waveguide, if the 
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Fig. 5.7. Propagation wavelength of TEQ mode dependence of DFB output of each mode in 
multi-wavelength DFB waveguide lasers (converted from Fig. 5.4 (b)). 
refractive indices of the substrate and the cover had known, the refractive index of 
the film Hfiim and its thickness Wfiim can be specified uniquely by two lasing mode 
output wavelengths, such as TEq and TEI mode, in D F B waveguide lasers. At present, 
the measurement of guide parameters is usually carried out by the prism-coupler 
system [81]. As will be seen, the DFB technique has some advantages for the 
determination of the waveguide parameters. 
W e will give an example of how the DFB technique was carried out. Consider 
sample ① in Table 5.1, we first assumed the refractive indices of the substrate and 
the cover are both known. According to the output wavelengths of TEq and TEI, we 
can calculate the effective refractive indices RJEFF of TEq and T E ] by equation (3.25). 
Here we must note that the intersection angle 6 should be measured accurately, which 
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is important to calculate the precise values of rjeff. Then the nfiim and Wfiim can be 
deduced from the eigenvalue equation (3.19) or the dispersion relation of planar 
optical waveguide [81]. This work was completed by a Mathematica program on PC. 
Table. 5.2 showed the summary of the calculated results. Four different values of 9 
were used. Compared with the measured values of nfiim=1.55 and Wfiim^l.l |im by 
the prism coupler, the calculated value of nfiim fluctuated ±0.17 per cent and the value 
of Wfiim fluctuated ±2.4 per cent. Consistent results were seen. The experimental 
error was accounted for these data fluctuations. The error was largely due to the 
measurement of intersection angle 6. This measurement was performed by using a 
mirror or the waveguide sample mounted on a precision rotatable table to reflect the 
two pump beams back upon themselves [12]. In our experiments, the angle 6 was 
measured by geometrical method and the error was about ±0.1 
There are some advantages of the DFB technique. First, all required data will 
be obtained from the lasing emission spectrum which requires one excitation pulse. 
Then the results will be calculated out using a Mathematica program. Second, in the 
prism coupler system, the adjustable pressure is applied upon the waveguide to 
couple the prism and the film, resulting in the slight reduction of the film thickness. 
Especially for the multi-mode waveguides with thicker guiding layer, the reduction 
becomes considerable compared with the measured result by the alpha-step profiler. 
The DFB technique can avoid this error because no external force applied on the 
waveguide to influence the waveguide parameters. The major disadvantage with the 
DFB technique is that it can only work on the active waveguides. In order to 
determine two unknown parameters nfiim and Wfiim, we have to know at least two 
separate DFB output wavelengths. The DFB technique could be employed to 
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measure the parameters of the single-mode waveguide after we knew the oscillation 
wavelength of TMo mode. Utilizing different polarized pump source, such as circular 
polarized pump and P-polarized pump, might be an effective method to induce the 
DFB waveguide laser output of TMo mode. 
e (Deg.) ？ITEO (nm) Xjei (nm) neffOfTEo HeffofTEi iifiim Wfiim(l^ m) 
42.0 609.606 591.813 1.5335 1.4887 1.54933 1.076 
42.2 607.836 590.793 1.5349 1.4919 1.55005 1.106 
42.7 602.636 585.560 1.5364 1.4929 1.55169 1.089 
42.8 600.728 584.019 1.5344 1.4918 1.54940 1.098 
Table. 5.2. The calculated values ofn^M and Wfiim by the measured 0 and ？^TEO and Xjmo, assumed 
nsubstrate=1.459 (fuscd-quartz) and nciadding=l-00 (air) were given. 
5.4 Summary 
High optical quality dye-doped sol-gel zirconia multi-mode waveguides were 
fabricated by spin-coating technique. As many as four TE and four T M confined 
modes were revealed by a prism coupler system. 
Dual- and quadruple-wavelength DFB laser actions were observed in two- and 
four-mode waveguides, respectively. Simultaneous continuous tuning was achieved 
from 584 nm to 611 nm by varying the intersection angle of the crossing beams. The 
output wavelengths distributed regularly and corresponded to the TE guiding modes 
of the planar waveguide. The threshold pump energy was about 30 ^ J, but only about 
3 )iJ was absorbed by the active film. The slope efficiency of the fundamental lasing 
mode was larger than that of the high order lasing mode. The conversion efficiency 
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of the fundamental lasing mode was 〜8%. The linewidth was less than 0.5 n m and 
the F W H M of D F B output waveform was slightly shorter than that of the pump laser 
at 5 ns. The lifetime was 1000 shots operated at a 1-Hz repetition pump rate. 
The dispersion characteristics of multi-wavelength D F B waveguide lasers were 
analyzed by numerical simulations. Good agreement between experiments and 
theory was seen. 
The feasibility of the determination of waveguide parameters by the DFB 
technique was evidenced. The measured results by the DFB technique were 
consistent with those by the prism coupler technique. Compared with the prism 
coupler technique, some advantages of the DFB technique were presented. 
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Chapter V I 
DISTRIBUTED FEEDBACK LASER ACTION IN 
SOL-GEL GLASS SYMMETRIC WAVEGUIDES 
Passive and active planar optical waveguides based on sol-gel materials have 
generated much research interest because of the versatility of the sol-gel technique 
and the potential applications in integrated optics [82]. Organic dye [83] and rare 
earth elements [84] have been introduced into the sol-gel waveguides as functional 
dopants. Light amplification was observed in dye-doped sol-gel waveguides [69, 83]. 
DFB laser action was demonstrated in sol-gel glass waveguide [62 . 
Most of the sol-gel planar waveguides were of asymmetric structure with a 
substrate of glass and no cover layer. By contrast, symmetric waveguides require a 
cover layer of matching refractive index to that of the substrate. The cover layer 
serves as the protective cladding for the gain layer. The presence of the cover layer 
also increases the confinement factor of guiding modes [85-86], resulting in reduced 
modal loss and hence pump threshold reduction. Because of the absence of cutoff, 
symmetric waveguides permit the propagation of the guiding mode in a layer of very 
small thickness. Crack-free sol-gel films of small thickness (0.1-0.5 |mi) and high 
optical quality can be routinely prepared. By contrast a thicker sol-gel layer (>1 jam) 
tends to peel off and cracks develop when subject to thermal stress [87]. Laser active 
symmetric waveguides based on dye-doped sol-gel materials therefore appear to 
possess the desired quality for use in integrated optics. 
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In this chapter, we reported the fabrication of sol-gel glass symmetric 
waveguides and characterized the DFB laser action in the symmetric and the 
corresponding asymmetric waveguides. Dispersions of D F B symmetric and 
asymmetric waveguide lasers were considered theoretically and experimentally. The 
characteristics of the symmetric structure in DFB waveguide lasers were discussed. 
6.1 The fabrication of dye-doped glass symmetric waveguides 
The structure of sol-gel glass symmetric waveguide was illustrated in Fig. 6.1. 
W e still employed dye-doped zirconia film as the active guiding layer. For the cover 
layer, we applied sol-gel titania-silica film. By judiciously selecting the ratio of the 
titania and silica precursors, we fabricated a cover layer with a refractive index 
matching that of the glass substrate (L51). Dye-doped zirconia films were obtained 
by spin-coating on glass substrates. Depending on the viscosity of the solution and 
the spinning speed, the guiding layer thickness varied from 0.1 to 0.6 jam and the 
refractive index varied from 1.54 to 1.59. Cladded on one side by the low-index 
substrate and the other by air, the film on substrate structure behaved as an 
asymmetric waveguide. To make symmetric waveguides, a cover layer of 
titania-silica of matching refractive index was applied on the zirconia films by 
spin-coating. 
The preparation procedure of titania-silica films on glass substrates has been 
reported [62]. Tetrabutoxytitanate (Ti(0Bu)4) and tetraethyl orthosilicate (TEOS) 
were used as the precursors for titania and silica respectively. A certain quantity of 
Ti(0Bu)4 was first mixed with 4 ml of acetylacetone (AcAc), a complexing agent. 
Separately TEOS was mixed with ethanol. After being stirred for 20 mins, the two 
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Fig. 6.1. The structures of sol-gel glass symmetric and asymmetric waveguides. In symmetric 
structure, the cover layer titania-silica with a refractive index matching that of the glass substrate 
(ncover=1.51). In asymmetric structure, no cover layer (ncover=1.00). 
solutions were mixed together. The de-ionized water mixed with hydrochloric acid 
was added into the mixture drop by drop to promote the hydrolysis. The final 
solution was spin-coated on zirconia films directly after being stirred for 24 hours. 
The cover layers had a thickness of 1 fim and appeared to be crake free. Since the 
field of optical wave decayed rapidly once extended into the cover layer, the 
thickness of the cover layer was taken to be infinite in the theoretical calculation. The 
waveguides with index-matched cover layers were considered to be practically 
symmetric. In our DFB lasers experiments, we first prepared two identical zirconia 
waveguides upon glass substrates, after a few days, one of them was spin-coated with 
titania-silica films as the cover. Thus, a pair of symmetric-asymmetric waveguides 
was obtained. Except for the refractive index of the cover, all other parameters were 
assumed equal for the waveguide pair. The thickness and the refractive index, as well 
as the effective index of confined mode of the asymmetric waveguide were generally 
determined by the prism coupler. Once a cover layer of lower refractive index was 
applied, the waveguiding properties of the symmetric waveguides cannot be 
determined by the technique of prism coupling. Instead, the effective index of the 
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symmetric one will be calculated according to the known waveguide parameters. 
When the thickness of the asymmetric waveguide became too small to have a guided 
mode (below the cutoff), an alpha-step surface profiler was used for thickness 
measurement. At that time, the characteristics of the DFB laser output wavelength 
were used to deduce the effective index of the confined mode in the symmetric 
waveguides [71]. Similarly the refractive index of the titania-silica films was 
determined by the prism coupler on fused quartz substrate and was assumed to be 
unchanged when the films were spin-coated on zirconia films. 
6.2 Experimental results and discussion 
6.2.1 DFB laser action in sol-gel glass symmetric-asymmetric waveguide 
DFB laser action was observed in a pair of R6G-doped symmetric-asymmetric 
waveguides (Fig. 6.2). The zirconia films had a thickness of 0.4 \im and a refractive 
index of 1.55 (see Table. 6.1 pair ®). The dye concentration was about 6x10.3 M/L. 
The DFB lasing emission was observed in the symmetric waveguide when the pump 
energy exceeded 30 |iJ. While for the DFB lasing emission in the asymmetric 
waveguide, the threshold pump energy was about 50 |iJ. Threshold pump energy was 
slightly higher for RB-doped samples. Fig. 6.2 showed the DFB laser experiment 
results in the waveguide pair. Tuning of the output wavelength was achieved by 
varying the intersection angle 0 of the crossing beams. Single-mode lasing was 
observed throughout the tuning range from 590 to 617 nm in the symmetric 
waveguide and from 589 to 616 nm in the asymmetric one. Using a prism coupler, 
we determined the effective index of the asymmetric waveguide was 1.512, very 
close to that of the glass substrate, and then we calculated the effective index 1.524 
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Fig. 6.2. Output wavelength of DFB lasing for R6G-doped sample as a function of the 
intersection angle. The zirconia film has a thickness of 0.4 ^m and a refractive index of 1.55. The 
dye concentration was about 6x10"^ M/L. The effective indices are 1.524 and 1.512 for 
symmetric and asymmetric waveguides respectively. 
Sample Symmetric/asymmetric pair � Symmetric/asymmetric pair � 
_ m 1.55 1.55 1.575 1.575 
n 一 1 . 5 1 1 - 5 1 1 . 5 1 1 . 5 1 
T W 1.51 1-00 1.51 1.00 
Thickness(^m) 0.4 0.4 0.126 0 .126 
C u t o f f — 0.0 0.35 0.0 0.26 
Effective index 1.524 1.512 1.515 Leaky mode 
Table. 6.1. Guiding-wave performances of symmetric-asymmetric waveguide pair. 
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of the symmetric one. Two solid curves in Fig. 6.2 were the theoretical curves fitted 
by those two effective indices. The exact agreement with experiments was seen 
which indicated the good symmetric quality of the sol-gel glass symmetric 
waveguides. The higher effective index of the guiding mode was clearly evidenced 
of the enhanced optical confinement of the optical field in symmetric waveguides. 
All lasing output came from the TEQ confined mode. The linewidth of lasing 
emission was less than 0.5 nm and the DFB waveguide laser pulse was slightly 
shorter than the pump laser pulse at 5 ns. 
The similar DFB laser experiment was carried out on another 
symmetric-asymmetric waveguide pair. In this case, due to the guiding layer 
thickness right below the cutoff, the prism coupler system cannot measure the 
waveguiding properties of the asymmetric one. Using an alpha-step profiler, the 
thickness 0.126 ^ im was determined. Table 6.1 listed the parameters of the waveguide 
pair. The refractive index of the guiding layer will be deduced by the characteristics 
of the DFB laser output wavelength in the symmetric one. W e failed to observe the 
DFB lasing emission in the asymmetric waveguide, whilst the good quality DFB 
lasing emission was achieved in the symmetric one. A typical spectrum was shown in 
Fig. 6.3(a). The black dots in Fig. 6.3(b) were the experimental data of angle tuning, 
and the solid line was the linear fit. From the slope of the fit curve, we deduced the 
effective index of the confined mode in the symmetric waveguide was 1.515 and 
hence calculated the refractive index of the guiding layer (zirconia film) 1.575. If the 
index of the guiding layer was 1.575, the asymmetric waveguide would be cutoff 
(Table. 6.1), so our results were reliable. 
From the above experiments, we noted that the DFB laser action could not be 
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Fig. 6.3. (a) The typical DFB lasing emission spectrum and (b) the tuning curve in a symmetric 
waveguide with the guiding layer thickness as small as 0.126 ！im. 
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obtained in the asymmetric waveguides with below-cutoff thickness. In order to 
make sure, we carried out more D F B laser experiments on waveguides of different 
guiding layer thicknesses and indices. As the thickness of the guiding layer decreased 
below cutoff, D F B laser action was not observed for asymmetric waveguides. 
(Lasing of the leaky modes in asymmetric waveguides may be possible, but was not 
observed in our experiments probably a result of the limited pump energy of our 
pump laser.) In contract, D F B lasing was achieved in symmetric waveguides at a 
thickness as small as 0.126 ^ im. Fig. 6.4 summarizes the D F B laser experiments for 
symmetric and asymmetric waveguides. Circles and triangles represent R6G-doped 
and RB-doped samples respectively. The closed circles and triangles represent 
successful D F B lasing and prism coupler measurement of the confined mode for 
various asymmetric waveguides. The open circles and triangles represent 
unsuccessfully lasing and measurement of the confined mode by the prism coupler 
also for asymmetric waveguides. The solid curve was the prediction of cutoff for an 
asymmetric waveguide based on one-dimensional waveguide theory [85]. It is clear 
that no lasing was observed for samples below the theoretical cutoff curve. When a 
cover layer of titania-silica was spin-coated onto the asymmetric waveguides (the 
waveguides thus became effectively symmetric), DFB lasing was observed for all 
samples that were originally below cutoff (the open circles and triangles) at a 
moderate pump energy of 50 |xJ. W e attributed the appearance of lasing to the 
presence of a confined mode in the symmetric waveguides that effectively lowered 
the pump threshold requirement. The effective index of these lasing modes was 
determined from the DFB data to be larger than 1.51 (substrate index), confirming 
that they were indeed optical confined. As the film thickness decreased, the effective 
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index of the confined mode became very close to that of the substrate. 
0.6 - • 
I 0 . 4 - •• 
一 Guiding Region 
U) • • 
I 
o 0.2 - A A 会 
i E 全 � o o 
Cutoff Region 
0 n • I 1 1 ‘ ‘ 1.52 1.54 1.56 1.58 1.60 1.62 
^guiding layer 
Fig 6 4 Cutoff thickness as a function of the guiding layer refractive index. The circles and 
triangles (open and closed) are experimental data. Circles and triangles represent R6G-doped and 
RB-doped samples respectively. Open symbols, unsuccessful DFB lasing in asymmetric 
waveguides; closed symbols, successful DFB lasing in asymmetric waveguides. 
6.2.2 Dispersion characteristics of DFB symmetric and asymmetric waveguide lasers 
Dispersion characteristics play an important role in DFB waveguide lasers. It 
determined the distribution of DFB output wavelengths and the confinement 
difference between the asymmetric and symmetric waveguides. In this subsection, 
we will discuss the output wavelength and effective refractive index, as well as the 
confinement factor as the functions of the waveguide parameters. Some experimental 
results will be shown as comparison. 
Similar to Fig. 5.6, Fig. 6.5 showed the dispersion characteristics of the DFB 
symmetric and asymmetric waveguide lasers, which were in effect the variation of 
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the effective index of the confined mode as a function of the guiding layer thickness. 
The solid curves were the prediction of one-dimensional waveguide theory where 
perfect symmetric waveguides (namely cover layer extending to infinity) were 
assumed in the calculations. The refractive indices used in the calculations were 1.55 
and 1.51 for the guiding layer and for the substrate respectively. For the symmetric 
waveguide calculation, a cover layer of index of 1.51 was assumed. The 
experimental data were the DFB laser output wavelength. Very good agreement was 
observed. In order to check the symmetry error of our symmetric waveguides, we 
assumed an index-matching error ±0.005 of the cover layer in the symmetric 
waveguides. Two error curves (dash-dot curves in Fig. 6.5) were calculated. One 
corresponded to nc。ver=1.515 and the other one corresponded to ncover=1.505. Almost 
all experimental data laid between those two dash-dot curves which indicated that the 
refractive index of the cover layer closely matched that of the substrate. 
From the above description, we noted that the index-matching of the cover 
layer in the symmetric waveguide had a direct effect on the output wavelength of 
DFB symmetric waveguide lasers. W e carried out a numerical simulation to study 
this effect. The parameters of the symmetric waveguide were set as nfiim=1.55, 
nsubstrate二 1.51, Wfiim=0.4 |im and propagation constant k二27i/600nm. Fig. 6.6 
illustrated the numerical results. If the DFB output has 1 nm wavelength deviation 
from our estimation, we can deduce that the index-matching of the cover layer has an 
error either 0.013 smaller than Hsubstrate or 0.009 larger than nsubstmte. By contrast, the 
index-matching error was just ±0.005 in our experiments. 
The confinement factor is an important parameter of a planar waveguide which 
described the fraction of the power contained in the guiding layer. For DFB 
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Fig. 6.5. Dispersion characteristics of R6G-doped DFB symmetric and asymmetric waveguide 
lasers. Solid curves are prediction of one-dimensional waveguide theory. Dash dot curves are the 
index error curves of Ancover=±0.005. 
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Fig. 6.6. The deviation of output wavelength as a function of the index-matching error of the 
cover layer in the DFB symmetric waveguide lasers. 
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waveguide lasers, higher confinement factor can effectively decrease the threshold 
pump energy, resulting in the longer operation lifetime and the higher slope 
efficiency. 
For a TE wave H = — E , so we rewrite the confinement factor (equation 
, /UO)夕 
(3.22)) as a simple form 
r 尸 一 — 【 W 吵 ) 办 _ (6.1) 
一 P_1 rE(x)H:{x)dx rE^{x)'dx 
. - 0 0 少 
Considering TE mode in the asymmetric waveguide (Fig. 3.2), the amplitude profile 
for each of the allowed modes can be plotted by equation (3.18). In (3.18), A is the 
amplitude at the x二0 interface in the form 
A = J F = /丄 r x 丑 A = J ^ ^ M 屯 (6.2) 
where Pz is the average power along the y direction in a TE mode. For the different 
waveguide structure (parameters), the amplitude profiles are discrepant and hence the 
different confinement factors. Just like the effective refractive index, the confinement 
factor was also a function of waveguide parameters. 
In our experiments, we usually increase the confinement factor of the 
asymmetric waveguide by coating an index-matched cover layer to form symmetric 
structure. In order to compare the characteristics of these two waveguide structures, 
we plotted the TEo modal field profiles and calculated the confinement factors, as 
well as the effective refractive indices at different guiding layer thicknesses. W e set 
nfam-1.56, n-strate二 1.51 and 1-620 nm. All results were shown in Table 6.2. For 
asymmetric structure, only leaky mode existed below the cutoff, almost all energy 
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was lost in the substrate. As the thickness increased above the cutoff, guiding mode 
appeared and the confinement factor increased correspondingly. For symmetric 
structure, light wave can be confined in the guiding layer with any thicknesses. The 
effective indices of the symmetric waveguides were always larger than those of the 
corresponding asymmetric waveguides. At the beginning, the confinement factor of 
the symmetric waveguide (Fsym) was larger than that of the asymmetric waveguide 
(Fasym), but whcii the thickness increased beyond a certain value, Fasym exceeded rsym. 
W e extended our calculations to three different nfiim 1.54, 1.56 and 1.60. Fig. 6.7 
shows the increased guiding layer thickness dependence of the confinement factor. 
The solid curves represent the symmetric waveguide and dash dot curves represent 
the asymmetric waveguide. As the thickness increases, Fasym increases more than the 
corresponding Fsym- The differences between Fsym and Fasym become smaller until 
rasym excecds Fsym- Each pair of curves has a cross-over point. They are 0.84 jim, 
0.61 !im and 0.40 jam at rif-二 1.54，1.56 and 1.60, respectively. The higher the 
refractive index of the guiding layer, the smaller the value of the guiding layer 
thickness corresponded to the cross-over point. In order to improve the performances 
of the D F B waveguide lasers, such as the threshold pump energy, the lifetime and the 
slope efficiency, it is better to apply the index-matched cover layer upon the 
asymmetric waveguides with the guiding layer thickness near the cutoff. 
6.3 Summary 
The dye-doped sol-gel glass symmetric and asymmetric waveguides were 
fabricated. Index-matched titania-silica film was applied on dye-doped zirconia films 
as the cover. Tunable DFB lasing was obtained in both the symmetric and 
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asymmetric waveguides above the cutoff. The theoretical curves fitted quite well 
with the experimental data. D F B lasing in the asymmetric waveguides below the 
cutoff was not observed due to the absence of the guiding mode and higher pump 
energy requirement. By contrast, tunable D F B laser action was achieved in the 
symmetric waveguide with guiding film thickness as small as 0.126 jim, well below 
the cutoff of the corresponding asymmetric one. The average threshold pump energy 
of the symmetric waveguide was 30 i^J and that of the asymmetric waveguide 
exceeded 50 |iJ. The superior waveguiding properties of sol-gel glass symmetric 
waveguides were demonstrated by the considerable reduction in the pump threshold 
requirement. All lasing output corresponded to the TE guiding modes and the 
linewidth was less than 0.5 nm. 
The dispersion characteristics of the DFB symmetric and asymmetric 
waveguide lasers were analyzed. Thickness dependence of output wavelength was 
considered. Exact agreement between the theory and the experiment data was 
observed, indicating the good symmetric quality of sol-gel glass symmetric 
waveguides. The index-matching error of the cover layer ±0.005 was determined. 
In addition, some numerical simulations were carried out to analyze the DFB 
output wavelength deviation and the confinement factor as the functions of 
index-matching error and the guiding layer thickness. For the requirement of 
reducing threshold pump energy, the symmetric structure is fit for the asymmetric 
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Fig. 6.7. Confinement factor as a function of the thickness of guiding layer. The refractive index 
of guiding layer was set as 1.54, 1.56 and 1.60 respectively. Solid curves represent symmetric 
waveguides, and dash dot curves represent asymmetric waveguide. Dot lines point to the critical 
thickness, they are 0.84 ^im, 0.61 \im and 0.4 |im respectively. 
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Chapter VE 
SUMMARY 
Sol-gel zirconia is a very useful optical material and an ideal host matrix for 
functional organic dopants. Organic dye-doped zirconia and zirconia-ORMOSIL 
waveguides were fabricated by low-temperature sol-gel technique. In the different 
aging and drying conditions, the refractive index of zirconia and zirconia-ORMOSIL 
films varied from 1.56 to 1.64. Through adjusting the viscosity of initial solution and 
the spin speed, the thickness was controlled from 0.1 \im to 2.2 jim. Good guiding 
performances were revealed by a prism coupler system. Single- and multi-guiding 
mode was presented. Undoped zirconia films upon fused quartz showed excellent 
transmission from 210 n m to the near IR. R6G- and RB-doped zorcinia films have 
the maximum absorption at 530 n m and 580 nm, respectively. 
Distributed feedback lasing emission was observed in dye-doped zirconia and 
zirconia-ORMOSIL waveguides. By varying the period of the gain modulation 
generated by a frequency-doubled Nd:YAG laser at 532 nm, continuous tuning of 
output wavelength was achieved. Tuning ranges were 586-618 n m and 629-659 n m 
for R6G- and RB-doped zirconia films, respectively. Due to the reabsorption of 
higher dye concentration, tuning range red-shift from 647 to 674 n m was observed in 
RB-doped zirconia-ORMOSIL waveguides. The threshold pump energy was about 
50 |LJ for R6G-doped zirconia film on glass substrate. The net threshold was about 8 
^J accounting for reflection and transmission loss. For that of RB, the threshold was 
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higher than that of R6G. The H W F M of DFB waveguide laser was less than 0.5 n m 
which in fact reached the resolution limit of our detection system. The lifetime of 
R6G-doped zirconia film on glass substrate was about 800 shots pumped at 5 times 
threshold and 0.5 Hz repetition rate. The output energy of DFB waveguide laser 
increased linearly as the pump energy increased. By improving the film quality, 
adjusting the dye concentrations and spin-coating upon fused quartz substrates, the 
threshold pump energy, the slope efficiency and the lifetime were expected to be 
improved. As the S-polarized pump, the polarization of D F B output from zirconia 
waveguides was S-polarization which indicated that the DFB laser came from the TE 
guiding mode. W e believed that different polarization output could be obtained by 
employing the pump source of different polarization. 
By modifying the viscosity of initial solution and adding spin-coating times, we 
prepared the high quality zirconia films of thickness >2 |im upon glass and fused 
quartz substrates. As many as four guiding modes were revealed in a pure zirconia 
waveguide of thickness 2.2 |im by a prism coupler system. If introduced organic 
modifier G L Y M O to improve the flexibility and the mechanical strength, 
zirconia-ORMOSIL films of greater thickness were expected to be prepared. 
Simultaneous tuning of multiple-output wavelengths was achieved in the R6G-doped 
DFB zirconia waveguide lasers. Two and four separate narrow linewidth output 
wavelengths were observed in the planar zirconia waveguides of 1.1 |im and 2.2 |im 
thicknesses, respectively. The laser output wavelengths corresponded to the TE 
propagation modes allowed in the planar waveguides. Continuous tuning was 
achieved from 584 n m to 611 n m by varying the period of the optical generated 
interference patterns. The threshold pump energy was 30 |iJ while only about 3 |iJ 
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was absorbed by the active films. The lifetime was more than 1000 shots and the 
fundamental mode lasing conversion efficiency was 〜8o/o. The slope efficiency of 
the fundamental lasing mode was higher than that of the high order lasing mode. 
Thickness dispersion curves of the confined modes of the planar zirconia waveguides 
upon fused quartz substrates and upon glass substrates were calculated theoretically. 
Good agreement with experiment data was seen. Waveguide parameters dependence 
of the distribution of output wavelengths was also considered. In addition, the 
determination of waveguide parameters by the DFB technique was analyzed. Good 
feasibility in the active waveguides was evidenced. Some advantages were presented 
compared with the prism coupler technique. 
Dye-doped glass symmetric waveguides were prepared by sol-gel method. The 
active guiding layer was dye-doped zirconia film. The cover layer applied sol-gel 
titania-silica film. By finely adjusting the molar ratio of titania and silica, the 
refractive index of titania-silica film excellently matched that of the glass substrate 
(n=1.51). The dye-doped zirconia film covered by titania-silica film behaved as an 
active symmetric waveguide. The asymmetric-symmetric waveguide pair was 
applied in the DFB experiments together. When above the cutoff, DFB laser actions 
were observed in both of them, and the experiment data revealed good agreements 
with the theoretical predictions. When below the cutoff, the asymmetric waveguide 
failed to achieve DFB lasing, whilst the corresponding symmetric one can still 
observe DFB output. After carried out many DFB laser experiments, we found that 
the asymmetric waveguides below the cutoff cannot obtain the DFB lasing emission, 
which maybe due to the large energy loss of the leaky modes. When the titania-silica 
films cladded on the leaky waveguides, DFB lasing was observed in all samples that 
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originally below the cutoff. Tunable D F B laser action from 600 run to 623 n m was 
achieved in the symmetric waveguide with the guiding film thickness as small as 
0.126 |im. As a whole, the threshold pump energy for the symmetric waveguides was 
lower than that for the asymmetric waveguides attributed to the enhanced 
confinement. The thickness dispersion curves were calculated out for the 
asymmetric-symmetric waveguide lasers. Good agreement was observed between 
experiments and theory which indicated the excellent symmetric performance of our 
symmetric glass waveguides. The index-matching error of the cover layer ±0.005 
was determined. What's more, some numerical simulations were carried out to 
analyze the index-matching error and the guiding layer thickness dependence of the 
DFB output wavelength deviation and the confinement factor. Combining with our 
experiment conditions, we expected that the symmetric structure was more effective 
for the asymmetric waveguides near the cutoff. 
In conclusion, tunable distributed feedback waveguide lasers were 
demonstrated in the dye-doped zirconia and zirconia-ORMOSIL films. 
Multi-wavelength DFB laser output was achieved in zirconia multi-mode 
waveguides. The DFB laser action in sol-gel glass symmetric waveguides was 
analyzed. 
Based on the above conclusions, our further works are: 
Demonstrate DFB laser action at other spectral regions, such as IR and UV. 
Especially, IR DFB lasers at 1.3 jam and 1.5 |im are more useful in optical 
communications. This work can be carried out by doping IR dyes, such as Oxazine 
series and LDS series, into sol-gel glass films. 
Realize the polarization relation between the pump laser and the DFB output 
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laser, and grasp the main factors that effect the polarization of D F B output. This 
work is significant to control the output polarization of DFB waveguide lasers. 
In order to improve the lifetime of dye-doped sol-gel glass waveguide lasers, 
we can introduce the two-photon-pumped (TTP) dyes, such as D A S T [88], Coumarin 
500 [89] and H M A S P S [90], into the host matrix as the functional dopants. Using 
low energy photon pump, the lifetime of DFB waveguide lasers will be improved 
enormously. 
Refractive index modulation DFB waveguide lasers can be developed on 
zirconia films. It could be realized by spin-coating the holographic grating of desired 
period with dye-doped zirconia solutions. Refractive index modulation requires 
lower threshold pump energy than that of dynamically gain modulation. Thus DFB 
waveguide laser with refractive index modulation can improve the operation lifetime 
effectively and its structure also become more compact and practically. 
Demonstrate DFB laser action in channel waveguides. Channel waveguides can 
further improve the confinement of the guiding modes. Embedded channel 
waveguides can easily be obtained by spin-coating or dip-coating the grating-like 
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